Several explanations have been invoked to explain recent P. australis expansion in North America. Initially, researchers suggested that anthropogenic disturbances, such as soil disturbance and nutrient addition, increased P. australis growth (Van Der Toorn and Mook 1982 , Marks et al. 1994 , Meyerson et al. 2000 , Bertness et al. 2002 , Silliman and Bertness 2004 , Chambers et al. 2008 . Later, strong evidence suggested that the introduction of an aggressive nonnative strain explained the rapid expansion, particularly throughout the northeastern United States (Saltonstall 2002 (Saltonstall , 2003a . Disturbance also has been shown to disproportionally improve growth of the nonnative P. australis strain in relation to the native strain (Bertness et al. 2002 , Minchinton and Bertness 2003 , Jodoin et al. 2008 , Park and Blossey 2008 ; but see Saltonstall and Stevenson 2007) . Other potential explanations include allelopathic secretions from the nonnative P. australis (Rudrappa et al. 2007 ) and the potential for native and nonnative strains to hybridize (Meyerson et al. 2010) . The relative importance of these mechanisms remains unresolved, especially in noncoastal wetlands.
While little is known about inland wetland populations (but see Wilcox et al. 2003 , Jodoin et al. 2008 , research on the expansion of P. australis in North America has focused on Atlantic coastal populations. One study reviewing herbarium (historical) and present-day samples across the United States suggests that inland wetlands were invaded by the nonnative strain after the 1960s (Saltonstall 2002) . Other recent reports also suggest that P. australis is becoming unusually dense and expanding rapidly in many Utah wetlands, particularly along the shores of the Great Salt Lake and surrounding area (Cross and Fleming 1989) . While the rapid expansion has not yet been quantified, local land managers suggest that it began during flooding events which created large mudflats in the 1980s (Grierson personal communication). However, the expansion also coincided with increasing human populations, as well as with a 5-fold increase in P concentration and a 10-fold increase in N concentration in invaded waters (Naftz et al. 2000 , Gerner 2003 . Which combination of factors contributes to the recent expansion remains unclear because native and nonnative strains can be difficult to distinguish based on morphological characteristics (Saltonstall 2002) , and because so many conditions including nonnative invasion, high water levels, and increasing nutrient concentrations are associated with the expansion in Utah.
With a focus on Utah's 3 largest lakes, the objectives of this study were to (1) investigate the invasion history of nonnative P. australis across the state, (2) determine the current extent of native and nonnative P. australis cover, and (3) assess factors potentially contributing to P. australis spread. Herbarium samples from 1875 to the present were genetically analyzed to describe the historical occurrence of native and nonnative haplotypes. Present-day distribution and relative abundance of nonnative and native haplotypes were characterized for Utah's 3 largest lakes: the Great Salt Lake, Utah Lake, and Bear Lake. These 3 bodies of water support 44% of wetland coverage in Utah, with the Great Salt Lake, alone, representing 40% of the coverage in Utah (Fry et al. 2009 ). To determine the change in historical and present-day P. australis cover, we analyzed Great Salt Lake aerial photographs from 1977 and 2004. Finally, a greenhouse experiment determined if changes in soil moisture status or nutrient loading associated with anthropogenic activities over the past 30 years may have contributed to P. australis range expansion.
METHODS

Genetic Analyses
Herbarium samples were used to determine the timing and extent of the invasion of the nonnative haplotype across the state of Utah. At the time of this study, the S.L. Welsh Herbarium at Brigham Young University (BYU) and the Intermountain Herbarium at Utah State University (USU) contained 54 and 29 P. australis specimens, respectively (Appendix). All samples that were considered of reliable quality (i.e., were green) and that contained sufficient material for amplification and restriction analysis were included. A total of 39 herbarium specimens were genetically analyzed: 32 specimens from BYU and 7 from USU (Appendix; Fig. 1) .
To determine the present-day extent of native and nonnative P. australis, leaf samples were collected at 225 P. australis occurrence points from the Great Salt Lake, Utah Lake, and Bear Lake. Points were located every 500 m along continuous wetland vegetation, regardless of the width of vegetation, though private property prevented access to some locations. In total, 77 P. australis samples were collected along Utah Lake in November 2005, 137 along the Great Salt Lake and Jordon River in August 2006, and 11 along Bear Lake in May 2007 (Fig. 1) .
Leaf samples were cut into 1 × 2-cm pieces and field-collected samples were immediately preserved in paper envelopes containing silica gel desiccant. DNA was extracted using Qiagen DNEasy 96 Plant Kits following the manufacturer's protocol (Valencia, CA). Isolated genomic DNA provided a template in polymerase chain reactions (PCR) that amplified 2 noncoding regions of the chloroplast genome: (a) trnLb-a segment of the intergenic spacer region between trnT (UGU) and trnL (UAA) (Taberlet et al. 1991 , Saltonstall 2002 ) and (b) rbcL-a segment of the intergenic spacer region between rbcL and psaI (Saltonstall 2001 (Saltonstall , 2003b . Reaction products were used as templates in subsequent restriction fragment analyses (Saltonstall 2003b ) that distinguished native and nonnative haplotypes. Following native and nonnative haplotype determination, sequencing of the trnLb and rbcL amplicons was conducted on a subset of the extracted samples (17 field-collected nonnative, 4 field-collected native, and 5 historical native samples) by using protocols of Saltonstall (2002) to identify specific haplotypes. To optimize amplification, the rbcL forward and reverse primer was redesigned using PrimerSelect (DNAS-TAR ® Lasargene; 5፱-TTGCTCGTGAAGTAAT), and the PCR annealing temperature was modified from Saltonstall's (2002) original protocol for both regions to 54 °C for both primer sets. The amplicons were se quenced at the University of Rhode Island using an Applied Biosystems 3130xl Genetic Analyzer. A combined alignment for each region was cre ated using SeqMan and aligned using Megalign 8.0.2 (Lasargene) software. The alignments were then compared to previously identified haplotypes in GenBank (rbcL: AF457382-402; trnLb: AY016324-328, AY016332-335, and AY714215-216).
Aerial Photography
To determine P. australis ground cover in wetlands surrounding Utah's 3 largest lakes, we determined total wetland area for each lake. Total wetland area for the Great Salt Lake was estimated as the "emergent herbaceous wetland" land-cover class in the National Land Cover Dataset (NLCD) (Fry et al. 2009 ). Total wetland area for Utah Lake and Bear Lake (often <30 m wide) was visually classified using aerial photographs (2004 National Agricultural Imagery Program [NAIP] ) because the NLCD is limited to a 30-m resolution.
Present-day extent of P. australis was determined using ground truthing and visual inspection of NAIP images. Ground-referenced points included the 225 P. australis points where sampling was conducted and the 60 P. australis-free points (Typha latifolia L., Schoenoplectus lacustris [L.] Pella, and Scirpus maritimus L.) located every 500 m along continuous wetland vegetation. In total, there were 37 P. australis-free points along the Great Salt Lake and Jordon River, 20 along Utah Lake, and 3 along Bear Lake. In NAIP images, P. australis appeared to be darker and taller than other common wetland species, and arranged in circular patterns; thus, we were able to confidently identify P. australis in the images. Phragmites australis stand characteristics were delineated on images, and the aerial extent of the stands was determined by using GPS-verified distances. Wetland area covered by P. australis was then divided by total wetland area to determine the percent cover of wetland for each lake.
After using present-day data for training, we were able to determine P. australis cover on historical images. Historical images from 1966, 1977, and 1982 were inspected, but only one image from 1977 was of sufficient quality to clearly delineate P. australis coverage. This 1977 image was available for one section of the Great Salt Lake, but 21% of the wetlands associated with the Great Salt Lake, Utah Lake, and Bear Lake were included (Fig. 2 ).
Greenhouse Experiment
A 3-month-long greenhouse experiment was conducted to measure plant growth of native and nonnative strains under high-and low-resource conditions. To conduct the experiment, 16 trays of twenty 1.2-L pots (320 pots total) were established and defined by redwood dividers. Each pot received 1.2 L of washed sand and 50 mL of soil slurry from a local, Phragmites-free wetland (111°56፱35.3፳W, 41°47፱6.57፳N). The slurry provided microbial inocula.
Results from the genetic assay were used to identify 4 native and 4 nonnative populations from which rhizomes were collected on 27 February 2007 (Fig. 1) . The 4 sites in each category were spaced from 5 to 150 km apart. Paired native and nonnative stands within each site were located within 3 km of each other. On 1 March 2007, rhizomes were rinsed with water and cut into 4.0 + -0.01 g pieces that included 1 or 2 nodes. Half of the pots in each tray were randomly assigned native rhizomes and half were randomly assigned nonnative rhizomes. Two to 3 replicates from each population were included per tray. Each pot received three 4-g rhizome pieces from the same population.
Each tray of 20 pots was randomly assigned to 1 of 4 treatment levels: control (10 trays), high N (2 trays), high P (2 trays), and low water content (2 trays). Control treatments were designed to reflect N and P concentrations in freshwater streams, and high N and P treatments were designed to reflect concentrations observed in the Great Salt Lake and Utah Lake (Loving and Waddell 2000, Gerner 2003) . At the be ginning of the experiment, all pots received a modified Hoagland's solution that provided 0.64 mg ⋅ kg -1 N and 0.08 mg ⋅ kg -1 P.
The high-N treatment pots received an additional 20 mL of a 714 mg ⋅ L -1 potassium nitrate solution or 3.3 mg N (2.7 mg N ⋅ kg -1 soil). The high-P treatment pots received 20 mL of a 45 mg ⋅ L -1 potassium phosphate solution or 0.29 mg P (0.25 mg P ⋅ kg -1 soil).
In the low-moisture trays, a 10-mm hole was drilled halfway down each pot to allow the plants to grow in unsaturated soil. Plants were grown under natural greenhouse light conditions, and temperatures varied between 15 °C and 25 °C. Pots were surface watered as needed throughout the experiment to maintain saturated soils.
During weeks 3 and 5, all pots received additional doses (100 mL) of a modified Hoagland's solution. At the end of the experiment (1 June 2007), maximum height, height of each stem, and number of stems for each pot were recorded. Then all plant parts were removed from pots, rinsed with water until free of soil material, and oven dried at 70 °C until biomass remained constant. At that point, values of above-and belowground dry biomass were recorded. 
Data Analysis of Greenhouse Experiment
Using ANOVA for 3 experimental factors in a split plot design with subsamples, we assessed the effects of treatment, origin, and population on the following response variables: maximum height, number of shoots, aboveground biomass, belowground biomass, and above-to belowground biomass ratio at the end of the experiment. Trays were defined as the wholeplot unit and treatments as whole-plot factors (control, N, P, and water). Subplot factors were origin (native or nonnative) and population, where population was nested within origin; subplot factors were assigned to sets of pots within a tray. Multiple pots within each tray of a given population were designated as subsamples.
The model assumptions of normality and homogeneity of variance were examined by using Kolmogorov-Smirnov tests and graphical analyses of residuals. To meet assumptions of normality and homogeneity of variance, height, aboveground biomass, and belowground biomass were square-root transformed and stems were log transformed. Comparisons of means clarified treatment and population effects as well as interactions. A Tukey-Kramer adjustment decreased experiment-wide type I errors, and P < 0.05 was considered significant. Analyses were computed using the MIXED procedure in SAS/STAT for Windows ® , release 9.1.3 (SAS Institute, Inc., Cary, NC).
RESULTS
Genetic Analyses
In total, 264 P. australis samples were collected and genetically analyzed for native and nonnative haplotype determination. Analyses were conducted on 39 herbarium samples collected across Utah from 1931 to 2006 (Fig. 1 ) and 225 present-day samples collected from 2005 to 2007: 137 from the Great Salt Lake and Jordan River, 77 from Utah Lake, and 11 from Bear Lake. Haplotypes determined for an additional 23 samples from Saltonstall (2002) , including one from 1875 and 22 from 2000, were also included in our analyses, so that our study included all known genetically analyzed samples from Utah.
All herbarium samples collected across Utah before 1993 and all samples collected outside the major wetlands of northern Utah, including some as recent as 2001, were identified as native (Fig. 1) . Only 10 (4%) of the 225 present-day samples found within Utah's wetlands were native (Fig. 1) ; however, no native samples were found in Bear Lake. Each of these 10 samples was found in small, discrete, low-density stands (<0.5 ha), but several of these stands were clustered, resulting in 6 general areas where native stands were found. A large set of native stands (2 ha) was found associated with freshwater springs in the northwest corner of the Great Salt Lake. Another large set of native stands (18 ha) was found on the remote north shore of the Great Salt Lake. Two small (10-m 2 ) stands were found on channelized sections of the northern end of the relatively polluted Jordon River on the outskirts of Salt Lake City. One small (<500-m 2 ), low-density stand was encountered in a remote area on the southwestern shore of Utah Lake, and one very small stand (<6 m 2 ) was located along a roadside in Cache Valley.
DNA was extracted from 26 of the 264 samples and identified to specific haplotype based on trnLb, rbcL, or trnLb + rbcL amplicon sequence data. Of these samples, five were herbarium samples identified as native haplotypes A (n = 2), D (n = 1), and H (n = 2) (Fig. 2 ). An additional 5 present-day samples (collected 2006) were identified as native haplotypes D (n = 4) and H (n = 1), and the remaining 16 present-day samples were identified as nonnative haplotype M (Fig. 2) . One present-day sample from Saltonstall (2002) The 1977 aerial photograph captured 5887 ha around the Great Salt Lake and showed 1200 ha (20.4%) of this area covered by P. australis. The 2004 photograph of the same area showed 3320 ha (56.4%) of P. australis. Herbarium samples from this area were not available, but herbarium samples taken in 1963 and 1971 near this area (within 25 km) were of the native haplotype (Fig. 1) . All present-day samples collected from the area were nonnative.
Greenhouse Experiments
Only 3 of the 320 pots had sprouted plants in the first 3 weeks of the study. Rhizome sprouting rapidly increased following the second nutrient addition at week 3. At the termination of the experiment, 67% of the pots had plants growing in them.
Regardless of treatment, aboveground growth of nonnative-haplotype plants was greater than that of native-haplotype plants (Fig. 4 ). More specifically (Table 2) , nonnative plants grew taller, produced more aboveground biomass, and had a higher above-to belowground biomass ratio than native plants. There was no significant difference between native and nonnative plants in the number of stems produced or in belowground biomass (Table 3) .
There was no treatment effect of N addition, P addition, or water reduction on any of the plant growth variables (Tables 2, 3 ). And the treatment × origin interaction term was not significant (i.e., treatments did not affect native or nonnative plant growth differently as a whole; Table 3 ). There were population-level above-and belowground biomass differences (Table 3) ; however, population differences were not included in our original study objectives and are not discussed further.
DISCUSSION
Phragmites australis (cav.) Trin. ex Steud. now covers nearly 10,000 ha (35%) of the wetlands in northern Utah (the Great Salt Lake, Utah Lake, and Bear Lake). Because 44% of the wetlands in Utah are located in the large wetland complexes of northern Utah (Fry et al. 2009 ), P. australis now covers a significant portion of all wetland habitats in the state. While P. australis has been present in North America for the past 10,000 years and in Utah's wetlands since at least 1875 (the earliest record), its recent increase appears to be occurring through introduction of a nonnative strain. been well-documented in the northeastern United States (Saltonstall 2002) , and the results of this study suggest that it is similarly aggressive in inland wetlands.
Our earliest detection of nonnative specimens in Utah was a sample taken between Utah Lake and the Great Salt Lake (i.e., the Jordan River) in 1993 near Camp Williams, a military installation (Fig. 1) . The next herbarium sample taken from this area in 2000 was also nonnative. Herbarium samples vouchered in 1963 Herbarium samples vouchered in , 1964 Herbarium samples vouchered in , and 1971 from the same region were all native (Fig. 1) (origin) 18, 62.2 0.84 0.6433 cause most herbarium sampling is limited and biased, it is possible that the nonnative strain was present in Utah before 1993. We suggest that the nonnative haplotype first appeared in Utah during the 1960s or 1970s and began to expand in the 1980s. Evidence for our suggestion is (1) the rapid appearance of the nonnative P. australis across North America after 1960 (Saltonstall 2002) , (2) the rapid increase in cover observed between the 1977 and 2004 aerial photographs, (3) anecdotal accounts of rapid P. australis growth around Utah Lake and the Great Salt Lake in the 1980s (Grierson personal communication), and (4) allowance of a time lag between the arrival and spread of nonnative P. australis (Williamson 1996) .
Our data suggest that the rapid expansion of P. australis cover in northern Utah can be attributed to the nonnative strain. Phragmites australis nonnative stands currently have a substantial presence around the Great Salt Lake, Utah Lake, and, to a lesser degree, Bear Lake. Our results showed that the nonnative strain made up 96% of the present-day samples from northern Utah, and, in a direct measure of percent cover change from images, P. australis increased 36% (range 20%-56%) between 1977 and 2004 around the Great Salt Lake. All herbarium samples collected near this area in the 1960s and 1970s were native, whereas all area samples collected in and after 2004 were nonnative. It is possible that the nonnative P. australis strain occurred in the area prior to 1977, and that the native strain remained in the area after 1977, but was unsampled.
All herbarium samples collected anywhere in Utah prior to 1993 were the native strain. All samples collected outside of the northern wetlands, even those collected recently (1997 [1], 1999 [1], 2000 [2] , and 2001 [1]), were also native. This study did not focus on present-day sampling outside of the northern wetlands, so it is unclear whether the nonnative P. australis strain is also invading those more remote areas. The 5 samples listed above suggest that at least some stands of native P. australis remain across the state.
The most extensive native stands found in present-day samples were on uninhabited north and northwest shores of the Great Salt Lake. The 2 native stands found within the Salt Lake City limits covered areas less than 20 m 2 and contained fewer than 500 stems each (A.
Kulmatiski personal observation). Herbarium sample de scriptions from across the state and our observations indicate that native stands typically associate with small springs and narrow stream beds, covering areas of 0.5 ha or less. Other researchers have also noted that the native strain rarely dominates a community, often does not form a monoculture (Saltonstall and Stevenson 2007) , and, by nature of their small population size, may be increasingly vulnerable to eradication.
Our research identified 3 native haplotypes (A, D, and H) not previously identified in Utah but identified in other parts of the southwestern United States (Saltonstall 2002, Saltonstall et al. in press) . The only native haplotype previously described in Utah was haplotype B (Saltonstall 2002) . Our study shows that haplotype diversity in Utah is higher than previously described, and may be even greater assuming sampling was too limited. Control efforts (i.e., burning, flooding, herbicide) applied to nonnative stands, such as those that have occurred around the Great Salt Lake, may harm native stands, which contain higher genotypic diversity (i.e., native haplotypes A, D, and H) than nonnative stands (haplotype M).
Greenhouse Experiment
The greenhouse experiment was conducted to determine growth responses of native and nonnative strains and if nutrient addition and soil saturation may have played a role in the expansion of nonnative plants in Utah. In our experiment, nonnative plants outperformed native plants regardless of conditions, a result that was similar to results from other greenhouse studies comparing native and nonnative growth patterns (Vasquez et al. 2005 , League et al. 2006 , Saltonstall and Stevenson 2007 . Similar to League et al. (2006) , we found this response in stem height, aboveground biomass, and above-to belowground biomass ratio. League et al. (2006) attrib uted the greater allocation of aboveground resources to greater root or rhizome efficiency or higher quality reserves in the nonnative strain.
Because of increased N and P levels in many Utah lakes, and because the native P. australis is often found perched above the water table (A. Kulmatiski personal observation, Amsberry et al. 2000, Minchinton and Bertness 2003) , we investigated growth responses of native and nonnative P. australis to increased N, increased P, and drier soils. Strain growth did not vary significantly in N-and P-enriched soil or in drier environments compared to control treatments. This result is quite different than results from other laboratory and field experiments, which show that the nonnative strain has strong responses to increased nutrients (Bertness et al. 2002 , Minchinton and Bertness 2003 , Rickey and Anderson 2004 or that the native has a stronger growth response to nutrient additions than the nonnative (Saltonstall and Stevenson 2007) .
We expected that both strains would respond positively to nutrient enrichments. Potential explanations for our results are (1) that nutrients were nonlimiting because of fertilizer additions at weeks 3 and 5 and/or (2) that nutrient addition treatments were not great enough to elicit a response. In support of the first potential explanation, our above-to belowground biomass ratio was greater than that reported in a similar rhizome study-a result suggesting that soil resources were not limiting in our experiment (League et al. 2006) . However, in support of the second potential explanation, most other studies added much more N and P in their treatments. For example, Saltonstall and Stevenson (2007) added 100 times more and Rickey and Anderson (2004) added 200 times more N per kg soil than we did, and Saltonstall and Stevenson (2007) added 730 times more P per kg soil than we did. Our treatments simulated observed high nutrient concentrations in waterways around the Great Salt Lake (Gerner 2003) ; however, it may be that plants experience different concentrations in the field and that nutrient-addition treatments should be reconsidered.
There are other factors that may have influenced our greenhouse experiment results. The pots used in our experiment were smaller compared to those used in other P. australis container experiments (Vasquez et al. 2005 , League et al. 2006 , Saltonstall and Stevenson 2007 ), although our above-and belowground biomass measurements suggest that plants were not more root-bound. Sample sizes for native and nonnative strain comparisons were greater than those for treatment comparisons, but trends in our data do not suggest addition of N and P increased growth of either strain. The addition of 3 rhizome pieces to each pot limited our ability to determine the number of propagules per plot. It also precluded us from collecting separate root and rhizome weights in order to assign categorical belowground biomass allocation, where differences between native and nonnative strains have been observed (League et al. 2006) . Finally, our experiment only considered native and nonnative strains of P. australis; more general conclusions cannot be made concerning the importance of eutrophication or soil saturation to nonnative haplotype invasion, particularly because our experiment did not examine responses of other native species (e.g., Scirpus maritimus) (as in Minchinton et al. 2006 , Morris et al. 2008 , Zhao et al. 2008 .
The nonnative P. australis strain is rapidly spreading throughout northern Utah and now makes up a large component of the wetland landscape. Based on available data, the native P. australis strain appears restricted to small patches in urban areas and to rural areas throughout the state. In the greenhouse experiment, the nonnative strain grew taller and expanded its aboveground biomass faster than the native strain, which may give the nonnative strain a competitive advantage over the native strain in terms of light and space. Further research is needed to determine how the nonnative strain competes with the native strain and other wetland species under field conditions. Identification of native stands of P. australis across Utah and consideration of their presence in reed management is encouraged.
